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IDENTIFICATION OF MULTI-COMPARTMENT DARCY
FLOW MODEL MATERIAL PARAMETERS
J. Brasˇnova´1, V. Lukesˇ2, E. Rohan3
Abstract: This papper deals with modelling of blood perfusion in the liver tissue and focuses on the identification of the model
parameters. For a description of perfusion a multi-compartment Darcy model is used. This model describes a hierarchical
flow in the tree structure of the liver vasculature. The research is motivated by modelling of liver perfusion with the purpose
to enable an improved analysis of CT scans. The identification problem is formulated as an optimization problem where the
optimization parametrs are approximated by using a splinebox. For the numerical simulations the finite element method in the
in-house developed FEM based software SfePy is used.
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1 Introduction
Modeling of blood perfusion in liver tissue called parenchyma is a significant problem of present
biomechanical and biomedical research. Although the perfusion models can be also used for describing
coronary perfusion of the heart [4], blood flow in the brain and more. This research is motivated by the
needs of surgeons who would like to have an effective tool for easier and more accurate surgery planning
as well as for predicting and simulating changes in hepatic perfusion. These changes in perfusion occur
with changes in structure or volume of liver tissue due to various illnesses, such as cancer and liver
cirrhosis, or due to subsequent treatment primarily such as resection, which is removing part of the tissue
affected by the tumor. A significant disadvantage of liver perfusion models is difficulty to determine
their parameters. Some of them correlate to the vascular trees geometry but others are defined only in the
context of the model and can not be measured directly. Therefore a significant part of this paper deals
with identification of parameters associated with perfusion models.
2 Hierarchical modeling of liver perfusion
The structure of liver tissue and liver vasculature is very specific and complex, see [1]. There are
two bloodstreams and three vascular tree systems in the liver. A complex hierarchical vessels branching
system of hepatic artery tree and portal vein (vena portae) tree with various diameters which diminish
consecutively at each bifurcation, begining from largest vessels down to capillaries. The ascending
system of hepatic vein (vena hepatica) tree is arranged in the reverse sense. All systems bifurcate to
about 20 generations [3]. At the capillary level the blood is filtrated in the hepatic units called lobules
which are typically considered as hexagonal prisms. The blood flow through liver is characterized at
several scales for which different models are used. Flow in the larger vessels is described by 1D model
based on Bernoulli equation. Flow in the liver tissue which is considered as a porous media is described
by 3D multi-compartment Darcy flow model. Both models are connected through the sources and sinks,
see Figure 1.
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Figure 1: Structure of multi-compartment model and its connection to the 1D model. [5]
3 Multi-compartment Darcy flow model
Compartments are associated with the lower hierarchies of vascular trees. Each compartment occu-
pies the continuum domain Ω and contains only blood vessels of a certain diameter, see Figure 1. The
properties of i-th compartment are given especially by the permeability tensor Ki and perfusion para-
meters Gij between compartments i and j. The state problem of 3D perfusion multi-compartment model
is defined in weak form (1) which is benefitial for the numerical implementation in in-house developed
FEM software SfePy (Simple Finite Elements in Python), [1], [5]:∫
Ωi\Σi
Ki∇pi · ∇qi +
∫
Ωi\Σi
∑
j
Gij
(
pi − pj)︸ ︷︷ ︸
J ij
qi =
∫
Ωi\Σi
f iqi, ∀qi ∈ Qi, (1)
where i, j = 1, 2, ..., i¯ are indexes of compartments, pi (pj) is pressure in i-th (j-th) compartment, f i
is external source or sink of i-th compartment, qi is the test function and J ij is intercompartmental flux
which describes the amount of fluid transported from compartment i to j. The solution of the state
problem equation (1) are pressure fileds in all compartments p = (p1, p2, ..., pi¯).
4 Identification of material parameters
As was mentioned above, the disadvantage of liver perfusion models is the difficulty to determine
perfusion parameters Gij , which can not be measured directly. Therefore an identification problem was
formulated as optimization problem, see [6]. The optimization parameters α = (αij) for which G
i
j =
G¯ · αij , where G¯ is a constant such that G¯ > 0 are identified. However for uncoupled compartments
Gij ≡ 0 and αij = 0. We assumed that the correct intercompartmental fluxes J¯ ij can be measured, so that
parameters Gij is computed by minimizing the objective function ϕ expressed as
ϕ(α,p) =
∑
i
∫
Ωi
∑
j>i
∣∣∣∣∣∣∣∣G
i
j(α
i
j)(p
i − pj)︸ ︷︷ ︸
J ij
−J¯ ij
∣∣∣∣∣∣∣∣
2
, (2)
where pressures pi and pj satisfies equation (1). The optimization parametersα = (αij) are approximated
by using the splinebox defined by the control polyhedron (3).
α(t) =
∑
k
ckBk,d(t), t ∈ Ω, (3)
where ck are splinebox control points and Bk are B-spline base function with degree d. For numerical
simulations the cubic splinebox (d = 3) with B-spline base functions implemented in SfePy, see [2] was
used. Besides solving the state problem is as part of the optimization process calculating the sensitivity
analysis and solving the adjoint problem, see [1].
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5 Validation of multi-compartment model
For a validation of the multi-compartment Darcy flow model, the 1D flow model decribing the
Poiseuille flow on the branching network was considered as the reference model, see [5]. Where for
validation the spatial pressure distributions from both models were compared. The vasculature tree was
generated by the GCO (Global Constructive Optimization) method.
6 Numerical results
For numerical simulations a block goemetry of 144 (12x12x1) elements was used, see Figure 2.
In this block geometry the perfusion tree with different vessels diameter was generated by the GCO
method, see Figure 2. The multi-compartment Darcy model involved two compartments. At the top and
bottom geometry face a periodic boudary conditions were prescribed. As the input data for 3D multi-
compartment Darcy model the data computed by the 1D Poiseuille model were used. These are perme-
ability tensorsKi, initial values of perfusion parameters G¯ and reference intercompartmental fluxes J¯ ij .
For approximation of optimization parameters α the cubic splinebox with B-spline base functions and
20 control points was used, see Figure 2. All initial values of optimization parameters α were set to 1.
Box constrains conditions for α were set as 0 and 10. For minimization of the objective function (2) the
method minimize with SLSQP solver imlemented in SciPy.optimize was used.
Figure 2: Left: Vacsular tree generated by GCO method in the block geometry used for numerical
simulations. Right: Splinebox polyhedron with 20 control points used for approximation of optimization
parameters displayed over the generated vascular tree.
The process of optimization is shown in the graph of objective function values depending on the number
of computed iterations, see Figure 3. For finding the objective function minimum just 341 iterations were
needed. During the identification the value of the objective function decreased by 32.5%.
In the Figure 4 is shown initial values of intercompartmental flows difference f int = J 12 − J¯ 12
and values gained after optimization f opt = J 12 − J¯ 12 . Values of optimization parameters α after
optimization are also shown in Figure 4.
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Figure 3: The objective function values depending on the number of iterations.
Figure 4: Left: Difference of initial values of intercompartmental flow and measured intercompart-
mental flow f int. Middle: Difference of optimized values of intercompartmental flow and measured
intercompartmental flow f opt. Right: Values of parameters α after optimization.
7 Conclusion
In the paper the multi-compartment model of the liver tissue blood perfusion which can be used for
developing tools for improvement analysis of CT scans was proposed. A significant disadvantage of
this model is the difficulty to determine their parameters which can not be measured directly. Therefore
is the identification of perfusion model parameters a crucial part of future research. The identification
problem was formulated as an optimization problem in which the splinebox was used for parameters
approximation and initial values were computed by 1D Poiseuille model. Numerical simulations were
performed in in-house developed FEM software SfePy.
Acknowledgement
This research is supported by project SGS-2016-059, project GACR 16-03823S of the Scientific
Foundation of the Czech Republic and project LO 1506 of the Czech Ministry of Education, Youth and
Sports.
13
References
[1] BRASˇNOVA´, Jaroslava. Modelova´nı´ CT perfu´znı´ho vysˇetrˇenı´ jater pro vyuzˇitı´ a zpracova´nı´
medicinsky´ch dat. 2017. Diploma Thesis. University of West Bohemia.
[2] CIMRMAN, Robert. Sfepy - Simple finite elements in Python, 2016. Available from:
http://sfepy.org/doc-devel/index.html
[3] DEBBAUT Ch., P. SEGERS, P. CORNILLIE, et al. Analyzing the human liver vascular architecture
by combining vascular corrosion casting and micro-CT scanning: a feasibility study. Journal of
Anatomy. 2014; 224(4):509-517. doi:10.1111/joa.12156.
[4] MICHLER, Ch., A. N. COOKSON, R. CHABINIOK, E. HYDE, J. LEE, M. SINCLAIR, T. SOCHI,
A. GOYAL, G. VIGUERAS-GONZALES, D. NORDSLETTEN, N.P.SMITH. A computationally
efficient framework for the simulation of cardiac perfusion using a multi-compartment Darcy porous-
media flow model. International journal for numerical methods in biomedical engineering. 2013.
29.2: 217-232.
[5] ROHAN, Eduard, Vladimı´r LUKESˇ and Alena JONA´SˇOVA´. Modeling of the contrast-enhanced
perfusion test in liver based on the multicompartment flow in porous media. J. Math. Biol. 2018.
https://doi.org/10.1007/s00285-018-1209-y
[6] ROHAN, Eduard, Vladimı´r LUKESˇ and Jaroslava BRASˇNOVA´. CT based identification problem
for the multicompartment model of blood perfusion. In Computational Vision and Medical Image
Processing V. London: Taylor & Francis, 2015. s. 289-294. ISBN: 978-1-138-02926-2
